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Abstract
In a previous paper [1] we have shown that Newton’n third law
cannot strictly hold in a distributed system of which the different parts
are at a finite distance from each other. This is due to the finite speed
of signal propagation which cannot exceed the speed of light at vacuum,
which in turn means that when summing the total force in the system
the force does not add up to zero. This was demonstrated in a specific
example of two current loops with time dependent currents, the above
analysis led to suggestion of a relativistic engine [2, 3]. Since the system
is effected by a total force for a finite period of time this means that
the system acquires mechanical momentum and energy, the question
then arises if we need to abandon the law of momentum and energy
conservation. The subject of momentum conversation was discussed in
[4]. Here some preliminary aspects of the exchange of energy between
the mechanical part of the relativistic engine and the electromagnetic
field are discussed. We also refer briefly to the material composition,
structure and properties of metals that should be used in a relativistic
engine.
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1 Introduction
Special relativity is a theory of the structure of space-time. It was intro-
duced in Einstein’s famous 1905 paper: ”On the Electrodynamics of Moving
Bodies” [5]. This theory was a consequence of empiric observations and the
laws of electromagnetism which were formulated in the middle of the nine-
teenth century by Maxwell in his famous four partial differential equations
[6, 7, 8] which owe their current form to Oliver Heaviside [9]. One of the
consequences of these equations is that an electromagnetic signal travels at
the speed of light c, which led people to believe that light is an electromag-
netic wave. This was later used by Albert Einstein [5, 7, 8] to formulate
his special theory of relativity which postulates that the speed of light in
vacuum c is the maximal allowed velocity in nature. According to the the-
ory of relativity no object, message, signal (even if not electromagnetic) or
field can travel faster than the speed of light in vacuum. Hence retardation,
if someone at a distance R from me changes something I may not know
about it for at least a retardation time of R
c
. This means that action and its
reaction cannot be generated at the same time because of the signal finite
propagation speed.
Newton’s laws of motion are three physical laws that, together, laid the
foundation for classical mechanics. They describe the relationship between
a body and the forces acting upon it, and its motion in response to those
forces. The three laws of motion were first compiled by Isaac Newton in his
Philosophiae Naturalis Principia Mathematica (Mathematical Principles of
Natural Philosophy), first published in 1687 [10, 11]. The laws are:
First law: When viewed in an inertial reference frame, an object either
remains at rest or continues to move at a constant velocity, unless acted
upon by a net force.
Second law: In an inertial reference frame, the vector sum of the forces F on
an object is equal to the mass m of that object multiplied by the acceleration
vector a of the object: F = ma.
Third law: When one body exerts a force on a second body, the second
body simultaneously exerts a force equal in magnitude and opposite in
direction on the first body.
According to the third law the total force in a system not affected by ex-
ternal forces is thus zero. This law has numerous experimental verifications
and seem to be one of the corner stones of physics. However, in light of
the previous discussion it is obvious that action and its reaction cannot be
generated at the same time because of the finite speed of signal propagation,
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hence the third law is false in an exact sense although it can be true for most
practical application due to the high speed of signal propagation. Thus the
total force cannot be null at a given time.
The locomotive systems of today are based on two material parts each
obtaining momentum which is equal and opposite to the momentum gained
by the second part. A typical example of this type of system is a rocket
which sheds exhaust gas to propel itself. However, the above relativistic
considerations suggest’s a new type of motor in which the system is not
composed of two material bodies but of a material body and field. Ignoring
the field a naive observer will see the material body gaining momentum cre-
ated out of nothing, however, a knowledgeable observer will understand that
the opposite amount of momentum is obtained by the field as will be shown
by exact calculation in this paper. Indeed Noether’s theorem dictates that
any system possessing translational symmetry will conserve momentum and
the total physical system containing matter and field is indeed symmetrical
under translations, while every sub-system (either matter or field) is not.
This was already noticed by Feynman [8] (Feynman Lectures Vol. 2, 26-2
and 27-6). Feynman describes two orthogonally moving charges, apparently
violating Newton’s third law as the forces that the charges induce on each
other do not cancel (last part of 26-2), this paradox is resolved in (27-6) in
which it is shown that the momentum gained by the two charge system is
balanced by the field momentum.
In what follows we will assume that the magnetization and polarization
of the medium are small and therefore we neglect corrections to the Lorentz
force suggested in [12].
In a paper by Griffiths & Heald [13] it was pointed out that strictly
Coulombs law and the Biot-Savart law determine the electric and magnetic
fields for static sources only. Time-dependent generalizations of these two
laws introduced by Jefimenko [14] were used to explore the applicability of
Coulomb and Biot-Savart outside the static domain.
In a previous paper we used Jefimenkos [14, 7] equation to discuss the
force between two current carrying coils [1]. This was later expanded to
include the interaction between a current carrying loop and a permanent
magnet [2, 3]. Since the system is effected by a total force for a finite period
of time this means that the system acquires mechanical momentum and en-
ergy, the question then arises if we need to abandon the law of momentum
and energy conservation. The subject of momentum conversation was dis-
cussed in [4]. In this previous paper we discussed momentum conservation
in a general system of given charge and current densities. We have also
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calculated the force on the center of mass in the case of a particular system
of two current carrying loops. Finally we calculated the momentum gained
by the material system and the momentum gained by the field and showed
them to be equal but with opposite directions.
In this paper some preliminary aspects of the exchange of energy between
the mechanical part of the relativistic engine and the electromagnetic field
are discussed. We also refer briefly to the material composition, structure
and properties of metals that should be used in a relativistic engine.
2 Energy Conservation
Any physical system with time translational symmetry must conserve energy
according to Noether theorem. In the case of a system with charge and
current densities the energy conservation law takes the form [7]:
dEmech
dt
+
dEfield
dt
= −
∮
S
~Sp · nˆda. (1)
In the above Emech is the mechanical energy of the system, Efield the elec-
tromagnetic energy of the system which is defined as:
Efield ≡
∫
efieldd
3x =
ǫ0
2
∫ (
~E2 + c2 ~B2
)
d3x (2)
and ~Sp is Poynting’s vector defined as:
~Sp =
1
µ0
~E × ~B (3)
Energy and momentum conservation equations can be combined in a
four dimensional relativistic formulation. In this formulation one defines
the four dimensional stress-energy tensor as follows:
Θαβ =
(
efield
1
c
~Sp
1
c
~Sp −Tij
)
(4)
in which Tij is the Maxwell stress tensor [7]. In terms of four dimensional
stress-energy tensor it is possible to combine energy and momentum conser-
vation in a single equation:∫
(∂αΘ
αβ + fβ)d3x = 0 (5)
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Figure 1: Two current loops.
In the above ∂α is a partial derivative with respect to the four dimensional
coordinates of the relativistic formulation and:
∫
fβd3x = (
dEmech
dt
,
d~Pmech
dt
) (6)
~Pmech is the total mechanical momentum of the system. However, despite
the elegant relativistic formulation the content of the energy and momentum
equations does not change. The relativistic formulation will not be discussed
further in this paper.
3 The case of two current loops
Consider two wires having segments of length d~l1, d~l2 located at ~x1, ~x2 re-
spectively and carrying currents I1, I2 (see figure 1).
According to [1] (equation (38)) the force on loop 2 generated by loop 1
takes the form:
~F21 =
µ0
4π
I2(t)
∞∑
n=0
I
(n)
1 (t)
n!
(−
1
c
)n(1− n)
∮ ∮
Rn−3 ~R(d~l2 · d~l1), (7)
in which ~R ≡ ~x1 − ~x2, R ≡ |~R| and µ0 = 4π10
−7 is the vacuum magnetic
permeability. We note that there is no first order contribution to the force.
Hence the next contribution to the force after the quasi-static term is second
order. Let us define the dimensionless geometrical factor ~K21n as:
~K21n =
1
hn
∮ ∮
Rn−3 ~R(d~l2 · d~l1) = − ~K12n. (8)
in the above h is some characteristic distance between the coils. In terms of
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~K21n we can write equation (7) as:
~F21 =
µ0
4π
I2(t)
∞∑
n=0
I
(n)
1 (t)
n!
(−
h
c
)n(1− n) ~K21n. (9)
The force due to coil 2 that acts on coil 1 is:
~F12 =
µ0
4π
I1(t)
∞∑
n=0
I
(n)
2 (t)
n!
(−
h
c
)n(1− n) ~K12n. (10)
The total force on the system is thus:
~FT = ~F12 + ~F21 =
µ0
4π
∞∑
n=0
(1− n)
n!
(−
h
c
)n ~K12n
(
I1(t)I
(n)
2 (t)− I2(t)I
(n)
1 (t)
)
.
(11)
We note that the quasi-static term n = 0 does not contribute to the sum
nor does the n = 1 term. The fact that the retarded field ”corrects” itself
to first order in order to ”mimic” a non retarded field was already noticed
by Feynman [8]. Hence we can write:
~FT =
µ0
4π
∞∑
n=2
(1− n)
n!
(−
h
c
)n ~K12n
(
I1(t)I
(n)
2 (t)− I2(t)I
(n)
1 (t)
)
. (12)
We conclude that in general Newton’s third law is not satisfied, taking the
leading non-vanishing terms in the above sum we obtain:
~FT ∼= −
µ0
8π
(
h
c
)2 ~K122
(
I1(t)I
(2)
2 (t)− I2(t)I
(2)
1 (t)
)
. (13)
Assuming that the total momentum of the system and the current derivatives
are null at t = 0, we obtain a mechanical linear momentum as follows:
~Pmech =
∫ t
0
~FT (t
′)dt′ ∼= −
µ0
8π
(
h
c
)2 ~K122
(
I1(t)I
(1)
2 (t)− I2(t)I
(1)
1 (t)
)
. (14)
For simplicity we will now on assume a permanent current in loop 2 hence:
~Pmech ∼=
µ0
8π
I
(1)
1 (t)I2(
h
c
)2 ~K122. (15)
For a calculation of ~K122 in particular geometries see [1, 2, 3]. The kinetic
mechanical energy associated with this momentum is:
Emech =
~P 2mech
2M
=
1
2
~Pmech · ~v. (16)
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Were M is the mass of the relativistic engine and ~v =
~Pmech
M
is the en-
gine velocity. This indicates that unlike the conservation of momentum [4]
which was independent of the mass and therefore of the velocity attained by
the system, in the calculations of both the mechanical and electromagnetic
energies the systems velocity and mass are of paramount importance.
4 Field Energy
Consider two sub-systems denoted system 1 and system 2 which are far apart
such that their interaction is negligible. In this case equation (1) is correct
for each sub-system separately, that is:
dEmech 1
dt
+
dEfield 1
dt
= −
∮
S
~Sp 1 · nˆda. (17)
dEmech 2
dt
+
dEfield 2
dt
= −
∮
S
~Sp 2 · nˆda. (18)
Next we will put the two loops closer together such that they may interact
but without modifying the charge and the current densities of each of the
subsystems. The total fields of the combined system are:
~E = ~E1 + ~E2, ~B = ~B1 + ~B2 (19)
Since both the field energy equation (2) and Poynting’s vector equation (3)
are quadratic in the fields the following result is obtained:
Efield ≡
ǫ0
2
∫ (
~E2 + c2 ~B2
)
d3x = Efield 1 + Efield 2 +Efield 12
Efield 1 ≡ EEfield 1 + EMfield 1 ≡
ǫ0
2
∫ (
~E21 + c
2 ~B21
)
d3x
Efield 2 ≡ EEfield 2 + EMfield 2 ≡
ǫ0
2
∫ (
~E22 + c
2 ~B22
)
d3x
Efield 12 ≡ EEfield 12 + EMfield 12 ≡ ǫ0
∫ (
~E1 · ~E2 + c
2 ~B1 · ~B2
)
d3x(20)
~Sp ≡
1
µ0
~E × ~B = ~Sp 1 + ~Sp 2 + ~Sp 12
~Sp 1 ≡
1
µ0
~E1 × ~B1
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~Sp 2 ≡
1
µ0
~E2 × ~B2
~Sp 12 ≡
1
µ0
(
~E1 × ~B2 + ~E2 × ~B1
)
(21)
Subtracting from equation (1) the expressions given in equation (17) and
equation (18):
d(Emech − Emech 1 − Emech 2)
dt
+
d(Efield − Efield 1 − Efield 2)
dt
= −
∮
S
(
~Sp − ~Sp 1 − ~Sp 2
)
· nˆda. (22)
taking into account equation (20) and equation (21) we arrive at:
d(Emech − Emech 1 − Emech 2)
dt
+
dEfield 12
dt
= −
∮
S
~Sp 12 · nˆda. (23)
It is assumed that the electromagnetic loop currents do not self-propel and
generate their own kinetic energy due to the fields generated by their own
sources, we also neglect at this stage heat dissipation from the system which
is included in Emech for any current loop of non zero resistivity. One can thus
assume that the mechanical energy generated in each subsystem is negligible
with respect to the mechanical energy generated in one subsystem due to
the fields generated in the second subsystem and vice versa. Hence the self
generated mechanical energies Emech 1 and Emech 2 are negligible and we
obtain:
dEmech
dt
+
dEfield 12
dt
= −
∮
S
~Sp 12 · nˆda. (24)
Let us now investigate the case that one system (say system 2) is static.
In such a system their is no electric field and the magnetic field will fall as 1
R2
at distances R far away from the system, this is different from the behaviour
of fields in time dependent systems where the field fall as 1
R
[7, 14]. If we
take the surface at infinity its area will grow as R2, but since ~Sp 12 decrease
as 1
R3
(as only system 2 is assumed to be static) in the limit of a large volume
of integration the right hand surface integral vanishes and we obtain:
d(Emech + Efield 12)
dt
= 0 (25)
Hence provided that there is no field or mechanical energy at t = 0 we arrive
at the result:
Emech = −Efield 12. (26)
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We remark that if system 2 is magnetostatic (such as a constant current
loop) then ~E2 = 0. In such a cases:
Efield 12 = EMfield 12 =
1
µ0
∫
~B1 · ~B2d
3x. (27)
It easy to see that this is just a mutual inductance energy term which has
to do with the energetic price of putting the too loop current close together
from infinity. It exists also in the magnetostatic case (booth loops with
constant currents) and has nothing to do with a relativistic effect. It is of
course not related to the mass or velocity of the relativistic engine. Hence
under these conditions the kinetic part of Emech is null and the relativistic
engine effect is gone in contradiction to equation (16).
Notice, however, that in the above calculation we have neglected the
change of the electromagnetic fields in the engine due to its movement. As
the engine sets into motion the electromagnetic field of the engine and each
of its subsystems change. For example system 2 which has no electric field in
its own rest frame, but since this rest frame is in motion the magnetic field
changes in time in the laboratory frame and hence an electric field appears
in the laboratory frame. It is exactly this change which causes the term
EEfield 12 to be different from zero.
5 Field Energy of a System of two current loops
We now return to the case of two current loops as described in section 3.
However, now we assume two types of time dependence. One is due to
the intrinsic time dependence of the current flowing through the loop and
another is due to its movement as part of the relativistic engine. Thus the
current density can be written as:
~J(~x, t) = ~J ′(~x− ~xc(t), t), (28)
in which ~J ′(~x, t) is the current density in the moving frame of the relativistic
engine and d~xc(t)
dt
= ~v(t) is the velocity of that frame which is also the velocity
of the relativistic engine. The vector potential is given as [7]:
~A(~x, t) =
µ0
4π
∫
d3x′
~J(~x′, tret)
R
, ~R ≡ ~x− ~x′, tret ≡ t−
R
c
. (29)
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This can be written as a power series in terms of −R
c
in the form:
~A(~x, t) =
µ0
4π
∞∑
n=0
1
n!
∫
d3x′
1
R
(−
R
c
)n
dn
dtn
~J(~x′, t)
=
µ0
4π
∞∑
n=0
1
n!
dn
dtn
∫
d3x′
1
R
(−
R
c
)n ~J(~x′, t)
=
µ0
4π
∞∑
n=0
1
n!
dn
dtn
∫
d3x′
1
R
(−
R
c
)n ~J ′(~x′ − ~xc(t), t), (30)
Let us introduce a comoving integration variable: ~˜x = ~x′ − ~xc(t), ~x
′ = ~˜x +
~xc(t) such that: R(t) = |~x
′−~x| = |~˜x+~xc(t)−~x| in such a comoving coordinate
system we have:
~A(~x, t) =
µ0
4π
∞∑
n=0
1
n!
dn
dtn
∫
d3x˜
1
R(t)
(−
R(t)
c
)n ~J ′(~˜x, t), (31)
For a thin and uniform current loop this can be written as:
~A(~x, t) =
µ0
4π
∞∑
n=0
1
n!
dn
dtn
[
I(t)
∮
d~˜l
1
R(t)
(−
R(t)
c
)n
]
, (32)
The zeroth order approximation takes the form:
~A(~x, t) ≃
µ0
4π
I(t)
∮
d~˜l
1
R(t)
. (33)
It easy to see that the first order correction to this vanishes as
∮
d~˜l = 0.
We observe that equation (33) differs from the zeroth order approximation
of equation (49) of [4] such that even if the current is constant in time the
vector potential is not and thus an electric field is generated. The electric
field ~E can be calculated as [7]:
~E = −~∇Φ− ∂t ~A. (34)
In which Φ is the scalar potential. However, if we assume a Lorentz gauge
and since there is no charge density in the current case the scalar potential
Φ vanishes. Hence we obtain:
~E = −∂t ~A = −
µ0
4π
[
∂tI(t)
∮
d~˜l
1
R(t)
+ I(t)
∮
d~˜l
~v · ~R(t)
R3(t)
]
. (35)
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It is well known that fields generated by a static source go as 1
R2
at infin-
ity. But according to equation (35) this is also true if the static source is
moving. Hence for a moving relativistic engine, the leading contribution to
the Poynting flux of equation (24) is null. Were the engine is composed of
a constant current system 2 and a time dependent current system 1. This
of course does not preclude system 1 from radiating. We also notice that
~v =
~Pmech
M
= O(c−2), hence the second term in equation (35) is usually
smaller than the first. This rule has an exception in the case that the cur-
rent is constant in time and hence the first term is absent.
We now calculate the electric part of the electromagnetic energy of in-
teraction:
EEfield 12 = ǫ0
∫
~E1 · ~E2d
3x
≃ ǫ0
∫ [
−
µ0
4π
∂tI1(t)
∮
1
d~˜l1
1
R1(t)
]
·
[
−
µ0
4π
I2
∮
2
d~˜l2
~v · ~R2(t)
R32(t)
]
d3x (36)
in which we only considered the first order electric field terms in both the
constant and time dependent current loops. By reordering the terms this
can be written as:
EEfield 12 =
µ0
(4πc)2
∂tI1(t)I2
∮
1
∮
2
d~˜l1 · d~˜l2~v ·
∫ [
1
R1(t)
~R2(t)
R32(t)
]
d3x (37)
We shall now calculate the term:
~˜G =
∫ [
1
R1(t)
~R2(t)
R32(t)
]
d3x (38)
First let us introduce a change of variables:
~y = ~R2 = ~x− ~˜x2 − ~xc(t) (39)
Since the integral ~˜G is calculated at a fixed point ~˜x2 it follows that d
3y = d3x
and:
~R1 = ~x− ~˜x1 − ~xc(t) = ~y + ~˜x2 − ~˜x1 ≡ ~y − ~R21. (40)
This leads to the following expression for ~˜G:
~˜G =
∫
y−3~y
∣∣∣~y − ~R21∣∣∣−1 d3y. (41)
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This integral is now evaluated using a spherical coordinate system in which
the ”z” axis point at the direction of ~R21. In this case d
3y = −y2dyd cos θdφ
and ~˜G can be calculated as follows:
~˜G = −
∫
∞
0
dy
∫
−1
1
d cos θ
∫ 2π
0
dφy−1~y
∣∣∣~y − ~R21∣∣∣−1 . (42)
Now:∣∣∣~y − ~R21∣∣∣ =
√
y2 +R221 − 2~y ·
~R21 =
√
y2 +R221 − 2yR21 cos θ, (43)
In which we notice that the above expression is not dependent on the az-
imuthal angel φ. Moreover, using a cartesian set of unit vectors yˆ1, yˆ2, yˆ3
one may write:
y−1~y = sin θ cosφyˆ1 + sin θ sinφyˆ2 + cos θyˆ3, (44)
Thus it can easily be seen that there is component to ~˜G in the yˆ1, yˆ2 direc-
tions as the azimuthal integral vanishes. In the yˆ3 direction the azimuthal
integral is trivial and we obtain the result:
~˜G = 2πyˆ3
∫
∞
0
dy
∫ 1
−1
d cos θ cos θ
√
y2 +R221 − 2yR21 cos θ
−1
. (45)
Let us make a change of variables s ≡ cos θ, y′ ≡ y
R21
and notice that yˆ3 =
Rˆ21 which is a unit vector in the direction of ~R21, in terms of those variables
we obtain a simpler representation of ~˜G:
~˜G = 2πRˆ21
∫
∞
0
dy′
∫ 1
−1
dss
√
y′2 + 1− 2y′s
−1
. (46)
However, we can evaluate analytically the s integral to obtain:
∫ 1
−1
dss
√
y′2 + 1− 2y′s
−1
=
2
3
{
1
y′2
y′ ≥ 1
y′ y′ < 1
. (47)
And plugging this back into equation (46) we obtain:
~˜G = 2πRˆ21. (48)
Having calculated ~˜G we are in a position to calculate EEfield 12 which now
takes the form:
EEfield 12 =
µ0
8πc2
∂tI1(t)I2
∮
1
∮
2
(d~˜l1 · d~˜l2)(~v · Rˆ21) (49)
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We now take advantage of the definition given in equation (8) and notice
that: ∮ ∮
Rˆ(d~l1 · d~l2) =
∮ ∮
R−1 ~R(d~l1 · d~l2) = −h
2 ~K122. (50)
Thus we obtain:
EEfield 12 = −
µ0
8π
I2∂tI1(t)
h2
c2
~v · ~K122 = −~v · ~Pmech. (51)
Comparing this to equation (16) we observe that the change of the electrical
energy due to the interaction of the two subsystems equals twice the kinetic
energy gained by the relativistic engine. This leads one to speculate that the
other half goes into magnetic energy. However, this calculation is beyond
the scope of the current paper.
6 Structure and Composition
In order to avoid ohmic losses it is recommended to use super conducting
materials for the construction of the current loops, however, this may com-
plicate the design due to the necessity to include cryogenic parts in the
engine. The static part of the engine can be constructed from a perma-
nent magnet material which is a composite of rare earth elements such as
Neodymium Ferron Boron or Samarium Cobalt, this will save a power sup-
ply but will probably increase the weight of the system. The use of standard
copper wires is a viable alternative but in this case one will need to take
into account also ohmic losses in the energy balance in addition to radiation
losses and the energy taken by the relativistic engine.
7 Conclusion
We have shown in this paper that in general Newton’s third law is not
compatible with the principles of special relativity and the total force on a
two current loop system is not zero if one does not neglect retardation. Still
momentum and energy are conserved if one takes the field’s momentum and
energy into account and not just the mechanical momentum of the material
part of the device. This was shown here by direct computation. The reader
interested in the practical application of the device is referred to previous
literature [1, 2, 3].
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